which do not form fruiting bodies. The adenyl cyclase synthesized cyclic AMP from adenosine triphosphate. The phosphodiesterase degr-led cyclic AMP to adenosine-5'-monophosphate and was inhibited by adenosine-3'-monophosphate, theophylline, and caffeine. The strains which form fruiting bodies incorporated and metabolized cyclic AMP, but strains which do not form fruiting bodies did not. The possible participation of cyclic AMP in the induction of fruiting bodies is discussed.
The metabolic pathway of adenosine 3', 5'-cyclic monophosphate (cyclic AMP) may involve two enzymes: adenyl cyclase and phosphodiesterase. The adenyl cyclase catalyzes the formation of cyclic AMP from adenosine triphosphate (ATP), and the phosphodiesterase degrades cyclic AMP to adenosine monophosphate (AMP). These enzymes may play an important role in regulating the concentration of cyclic AMP in vivo (5) . Earlier studies (20, 21) indicated that mycelial cells of particular strains of Coprinus macrorhizus contain cyclic AMP which may play a role in the induction of monokaryotic fruiting bodies. The present report describes characteristics of adenyl cyclase and phosphodiesterase obtained from mycelia of the strains of C. macrorhizus which form monokaryotic fruiting bodies.
MATERIALS AND METHODS
Organisms. The following strains of C. macrorhizus Rea f. microsporus Hongo were used: 708-7 A7B8, 708-15 A8B7, fis-, fis+, and fisc. The origin and characteristics of these strains have been described elsewhere (20) .
Media. Fruiting assays, production of mycelia and fruiting bodies, and culture maintenance were carried out on a malt-yeast medium (MY medium) which contained 10 g of malt extract, 4 g of yeast extract, and 4 g of glucose per liter of deionized water. To prepare solid agar medium, 10 g of agar powder was added to 1 liter of MY medium.
Assay for FIS activity. Bioassays for fruitinginducing activity (FIS activity) were performed as described elsewhere (20, 21) . Preparation of cell-free extract. Mycelial suspensions were inoculated and incubated in 100-ml Erlenmeyer flasks containing 20 ml of MY medium at 30 C for 5 to 14 days under continuous illumination (1,000 to 6,000 ergs per cm2 per s). Mycelia, fruiting body primordia, and fruiting bodies were harvested on a filter paper after 5 to 14 days, washed well with distilled water, and macerated in 0.05 M tris(hydroxymethyl)aminomethane (Tris)-hydrochloride buffer, pH 7.4, with a Waring blender for 5 min. The suspension obtained was further homogenized with a Braun homogenizer for 3 min. The resulting homogenate was centrifuged at 1,000 x g for 20 min. The supernatant fluid was used as the crude enzyme preparation.
Gel filtration and ion-exchange chromatography. Gel filtration and ion-exchange chromatography were performed as previously described (21) .
Enzyme assays. The adenyl cyclase activity was determined by the method described by Tao and Lipmann (19) . The phosphodiesterase activity degrading cyclic AMP was measured by the two-step assay method described by Butcher and Sutherland (2) . The inorganic phosphate liberated was measured colorimetrically' according to the Fiske-Subbarow UNO AND ISHIKAWA Chemicals. Malt extract was a product of Difco, and yeast extract was purchased from Kyokuto. Other special chemicals used were as follows: Dowex 1 (Dow Chemicals), AG50W (Calbiochem), Sephadex G-100 and Blue Dextran (Pharmacia), cellulose thin-layer sheets (Eastman), 3H-ATP and 3H-cyclic AMP (Radiochemical Centre and New England Nuclear Corp.), snake venom (Sigma Chemical Co.), and ATP, cyclic AMP, and other nucleotides (Boehringer Mannheim).
RESULTS
Detection and partial characterization of adenyl cyclase. Crude mycelial extracts of fisc A8B7, fis+ A8B7, fis-A8B7, and the dikaryon (A 7B8 + A8B7) were prepared at various stages of culture and assayed for adenyl cyclase activity. As shown in Fig. 1 of the radioactivity was observed at the peak of ultraviolet (UV) absoprtion corresponding to the cyclic AMP position. The cyclic AMP fractions showing radioactivity were pooled, frozen, and dried. The resulting powder was dissolved in 100 Mliters of distilled water and applied to a cellulose thin-layer sheet. As shown in Fig. 4 , a significant amount of radioactivity was observed at the position of cyclic AMP. Through these purification procedures, the recovery of cyclic AMP was about 50%. From these results, it is concluded that the cell-free extract of the fisc strain contains the adenyl cyclase. The further characterization of this adenyl cyclase was extremely difficult, because this enzyme became inactive over a short period.
Detection and partial characterization of phosphodiesterase that degrades cyclic AMP. Crude mycelial extracts of fisc A8B7, fis+ A8B7, fis-, A8B7 and the dikaryon (A7B8 + A8B7) were prepared at various stages of culture and assayed for phosphodiesterase activity. As shown in Fig. 5 , the phosphodiesterase activity was detected in strains which are able to form fruiting bodies. The activity. was relatively high at the early stages of cul- ture and decreased in the course of fruiting body formation. The fis-strain showed no phosphodiesterase activity throughout the culture ages tested. The fis+ strain showed* about 10 times as much phosphodiesterase activity as the fisc strain.
To purify the phosphodiesterase, 50 ml of the crude extract of the fisc strain was prepared and precipitated with 35.2 g of ammonium sulfate. After standing at 4 C for 2 h, the supernatant fluid was removed by centrifugation. The precipitate was dissolved in 8 ml of 0.05 M Tris buffer, pH 7.4, and centrifuged to remove the precipitate. The supernatant fluid wag filtered through a Sephadex G-100 column.
As shown in Fig. 6 , a well-defined peak of the phosphodiesterase was observed at a position corresponding to a molecular weight of less than 150,000. The fractions showing phosphodiesterase activity were pooled and used as the enzyme preparation. The optimal pH of this phosphodiesterase was found to be 8 5 '-AMP was cut out, and its radioactivity was measured. no effect. Theophylline, caffeine, and ATP were effective inhibitors of the phosphodiesterase of C. macrorhizus (Table 1) , as has been found in many other organisms (3, 4, 16) . Furthermore, this enzyme was inhibited by 3-AMP, but not by 5'-AMP, 3'-guanosine monophosphate, and 5'-guanosine monophosphate (Table 1) .
Reaction products of the phosphodiesterase that degrades cyclic AMP were analyzed from the reaction mixture incubated at 30 C for 30 min. After the reaction had been terminated by heating in a boiling-water bath for 3 min, the precipitate was removed by centrifugation. The supernatant fluid was applied to an AG50W x4 column (0.9 by 20 cm), and the column was eluted with distilled water into 4.5-ml fractions. Fractions corresponding to the elution oactivity of fractions corresponding to three peaks (adenosine diphosphate [ADP] and ATP, cyclic AMP, and AMP) was measured ( Table 2 ). In addition, mycelia of each strain were fractionated by the method of Schmidt and Thanhauser (22) , and the radioactivity of each fraction was determined ( Table 2) . The results clearly indicated that mycelia of two strains, fisc and fis+, were able to incorporate 3H-cyclic AMP. A significant amount of the 3H-cyclic AMP incorporated was transformed to ADP and ATP. An extremely small amount of AMP transformed from 3H-cyclic AMP was found in two strains. As shown in Table 2 , mycelia of the fis-strain were unable to incorporate a significant amount of the 3H-cyclic AMP added to the culture medium, although the cyclic AMP fraction contained a small amount of 3H radioactivity which may be derived from 3H-cyclic AMP adsorbed to mycelia.
Induction of monokaryotic fruit bodies by inhibitors of phosphodiesterase. It was found previously that 3T-AMP was one of the effective components of fruiting-inducing substances (20, 21) . Since 3'-AMP is an inhibitor of phosphodiesterase, the other inhibitors of this enzyme, theophylline and caffeine, were tested for FIS activity. Various amounts of inhibitors were added to MY media and the fis+ mycelia were inoculated. The cultures were incubated at 30 C for 15 days under continuous illumination. As shown in Table 3 , all of these substances were effective in inducing monokaryotic fruiting bodies at concentrations higher than 2 x 10-5 ,M. The highest concentration of theophylline and caffeine used (2 x 10-1 ,uM) was inhibitory for induction of fruiting bodies. aTen independent slant cultures of strain fis+ A8B7 were made and incubated at 30 C for 15 days under constant illumination. The number of cultures which produced monokaryotic fruiting bodies is indicated.
DISCUSSION
Mycelia of fisc and fis+ strains of C.
macrorhizus, which are able to form monokaryotic fruiting bodies, showed an ability to synthesize cyclic AMP from adenine, but those of the fis strain, which is unable to form fruiting bodies, did not (21) . It was also found that cyclic AMP added to the fis+ culture was effective in inducing monokaryotic fruiting bodies (20) . The present results demonstrate the occurrence of adenyl cyclase activity in monokaryotic mycelia of fisc and fis+ strains and in dikaryotic mycelia, but not in monokaryotic mycelia of the fis-strain. These results suggest that cyclic AMP synthesized by adenyl cyclase plays an important role in the formation of fruiting bodies, particularly at the stage of induction of fruiting bodies.
The molecular weight of adenyl cyclase was estimated to be more than 150,000. There is a possibility that the adenyl cyclase obtained in the present work may not be solubilized. Adenyl cyclase was first found in various vertebrates (11, 14, 15, 17) . To our knowledge, the present report is the first to indicate the occurrence of adenyl cyclase in a basidiomycete. The adenyl cyclase in some bacteria (8) (9) (10) and in higher plants (23) has been solubilized and partially purified.
Yamamoto and Massey (24) reported that phosphodiesterase that degrades cyclic AMP could not be detected in several members of the plant kingdom, including mycelia of C. macrorhizus. In the present study, phosphodiesterase was found in monokaryotic mycelia of fisc and fis+ strains and in dikaryotic mycelia of C. macrorhizus, but not in monokaryotic mycelia of the fis-strain. The phosphodiestrase of C. macrorhizus degraded cyclic AMP to 5'-AMP. An enzyme of the same characteristics was found in animals and bacteria (2, 16), and an enzyme of different characteristics, which degrades cyclic AMP to 3'-AMP, was found in barley seeds and carrot leaves (C. J. Pollard and R. J. Venere, Fed. Proc. 29:670, 1970). Mycelia of the fis+ strain contained approximately 10 times as much phosphodiesterase activity as mycelia of the fisc strain and the dikaryon. It may be speculated that mycelia of the fis+ strain containing a large amount of phosphodiesterase rapidly degrade cyclic AMP synthesized by adenyl cyclase, and therefore the fis+ strain requires an external supply of cyclic AMP to form fruiting bodies. The addition of an extremely small amount of cyclic AMP (2 x 10-4 'qM) induced monokaryotic fruiting bodies in the fis+ strain (20) . Therefore, it may be postulated that a cyclic AMP pool of a reasonable size is maintained in fis+ and fisc cells by some unknown cellular mechanism which allows escape from the phosphodiesterase activity.
As described previously (20, 21) , 3'-AMP could induce monokaryotic fruiting bodies in the fis+ strain. The present results showed that theophylline and caffeine added to the culture media were also effective in inducing monokaryotic fruiting bodies in the fis+ strain. Our finding that 3'-AMP, theophylline, and caffeine all inhibited phosphodiesterase activity suggested a relationship between this characteristic and their induction of monokaryotic fruiting bodies. It is postulated that these substances induce fruiting bodies in the fis+ strain through some mechanism by which their addition to fis+ cultures leads to an increased accumulation of cyclic AMP by reducing the extraordinarily high level of phosphodiesterase activity of fis+ mycelia. Mycelia of the fisstrain failed to incorporate cyclic AMP into mycelial cells. This may be due either to a lack of enzymes metabolizing cyclic AMP or to the absence of a permeation mechanism for cyclic AMP in this strain. This difference in the fismycelia explains why cyclic AMP added to the culture media was ineffective in inducing monokaryotic fruiting in the fis-strain, although it was effective in the fis+ strain. Heidrick and Ryan (7) indicated thiat the cyclic AMP incorporated into animal cells was converted to AMP, ADP, ATP, and inosine. The present results indicate that an extremely small amount of AMP was produced from cyclic AMP incorporated into mycelial cells of fisc and fis+ strains. Cyclic AMP which has been incorporated may be converted by the action of phosphodiesterase to 5'-AMP and may be used immediately to synthesize ADP, ATP, and nucleic acids. However, there is a possibility that cyclic AMP may be converted to ATP by the reverse reaction catalyzed by adenyl cyclase, since it has been shown that the purified adenyl cyclase from bacteria was capable of synthesizing ATP from cyclic AMP and pyrophosphate (6, 10, 18; P. Greengard, 0. Hayaishi, and S. P. Colowick, Fed Proc. 28:467, 1969).
All of the results described in this and earlier reports (20, 21) indicate that adenyl cyclase, phosphodiesterase, and a protein which easily binds with cyclic AMP are found in monokaryotic mycelia of fis+ and fisc strains and in dikaryotic mycelia, all of which are able to form fruiting bodies, but not in monokaryotic mycelia of the fis-strain, which are unable to form fruiting bodies. Cyclic AMP synthesized by the action of adenyl cyclase may play an important role in the induction of fruiting bodies by binding with a particular protein.
The manner in which fruiting bodies are induced in the presence of a cyclic AMP-protein complex remains to be elucidated.
